Introduction: To clarify the additional efficacy and safety benefits of 24 months' treatment with the once-weekly formulation of teriparatide, which is currently used for 72 weeks. Methods: This was a multicenter, open-label, single-arm study conducted in Japan. Subjects
INTRODUCTION
Teriparatide is a peptide comprising the 34 amino acids of the biologically active N-terminal portion of human parathyroid hormone. It is the only osteoporosis drug currently available with an osteogenesis-promoting effect. Teriparatide increases bone mineral density (BMD) and improves bone structure, thereby exhibiting a powerful effect to inhibit fractures [1, 2] . A daily self-administered 20-lg formulation is available worldwide. In addition to the daily formulation, a once-weekly 56.5-lg formulation of teriparatide is also available in Japan and South Korea.
A placebo-controlled, 72-week, Teriparatide Once-Weekly Efficacy Research (TOWER) trial of the once-weekly formulation conducted in Japanese osteoporosis patients with a high risk of fractures showed that, compared with placebo, the formulation had a powerful fracture-inhibition effect, providing an 80% reduction in the relative risk of new vertebral fractures, and it increased lumbar BMD, total hip BMD, and femoral neck BMD by 6.7%, 3.1%, and 1.8%, respectively, from the baseline level [2] .
Meanwhile, in response to confirmation of osteosarcoma in teriparatide-treated rats [3, 4] , the periods for clinical trials were determined using the results of the study in animals as a reference. A limit of 24 months and 72 weeks, respectively, was placed on the duration of treatment with the daily formulation and the once-weekly formulation on the basis of the track records of treatment in clinical trials, giving rise to a difference in the duration of treatment. While it is desirable to make the once-weekly formulation of teriparatide available to patients for the same duration of treatment as that for the daily formulation, the efficacy and safety of the once-weekly formulation beyond 72 weeks have not yet been verified.
To clarify the additional efficacy and safety benefits of 24 months' treatment with the once-weekly formulation of teriparatide, which is currently used for 72 weeks, a decision was made to conduct a 24-month open-label study in Japanese patients with primary osteoporosis with a high risk of fractures. The possibility of an increased risk of developing osteosarcoma associated with the extended duration of treatment was taken into consideration before conducting this study. The onset of osteosarcoma is believed to be dependent on the total amount of teriparatide administered [5] . With the once-weekly formulation, the weekly dose of teriparatide is 56.5 lg, which is less than half of that of 140 lg with the daily formulation. Moreover, the incidence of osteosarcoma among patients who received treatment with the daily formulation was not more than the spontaneous incidence among the general population [6] . Thus, it was concluded that there would be no increase in the risk of developing osteosarcoma even if the duration of treatment with the once-weekly formulation were extended to 24 months, leading to a decision to conduct the study.
METHODS

Study Design
This study was a multicenter, open-label, single-arm study conducted in Japan (JapicCTI-132276). The subjects received once-weekly subcutaneous injection of 56.5 lg teriparatide for 24 months (104 weeks) and standard therapy that included daily oral doses of calcium (610 mg), vitamin D (400 IU), and magnesium (30 mg) (New Calcichew D3; Daiichi Sankyo Healthcare Co., Ltd., Tokyo, Japan).
This study was conducted in accordance with the ethical principles of the Declaration of Helsinki and Good Clinical Practice (GCP). Moreover, institutional review board (IRB) approval of the protocol was in place before the study at each of the 25 study sites.
Subjects
The eligibility criteria established for study subjects were as follows: man or woman aged 65 years or older; able to walk independently; diagnosis of primary osteoporosis based on the diagnostic criteria for primary osteoporosis (FY2012 revised version) by the Japanese Society for Bone and Mineral Research [7] ; at least one but no more than five prevalent fractures between the fourth thoracic vertebra (Th4) and the fourth lumbar vertebra (L4); and a mean BMD of the second through fourth lumbar vertebrae (L2-L4) of less than 80% of the young adult mean (YAM) at the time of enrollment. Patients diagnosed with secondary osteoporosis, patients with a non-osteoporotic disease that causes decreased bone mass, and patients with any X-ray findings that affect the assessment of lumbar BMD by dual energy X-ray absorptiometry (DXA) were excluded. Also excluded were patients with any of the following conditions and those judged by the investigator as unsuitable for participation in the clinical study: a serum calcium level of 11.0 mg/dl or above; a malignant bone tumor or a metastatic bone tumor; previous radiation therapy affecting the bone or otherwise at high risk of developing osteosarcoma; or a serum alkaline phosphatase (ALP) level more than double the standard level. Patients who had received treatment with teriparatide or an anti-receptor activator of nuclear factor kappa B ligand (RANKL) antibody in the past, bisphosphonate within 52 weeks before treatment commencement, or any other osteoporosis drug within 8 weeks before treatment commencement were also excluded.
Efficacy Endpoints
The primary endpoint selected was the percentage change from baseline in L2-L4 BMD at week 104. The secondary endpoints were the percentage changes in total hip BMD and femoral neck BMD and X-ray-confirmed new vertebral fractures and clinical fractures. Other variables assessed included the time profiles of bone turnover markers (bone formation and bone resorption markers). In addition, radial BMDs (distal 1/3, 1/6, and 1/10 sites of the radius) were measured with peripheral dual-energy X-ray absorptiometry (DXA) at two study sites. The differences in BMD values between Week 72 and Week 104 were also examined.
Efficacy Measures
BMDs of the lumbar spine, femur, and radius were measured by DXA at screening, baseline, and Weeks 24, 48, 72, and 104. The lumbar and femoral BMDs were measured with a Discovery, Explorer, Delphi, or QDR4500 (Hologic, Bedford, MA) device, which was calibrated before each test for precision control with a lumbar spine phantom attached to the device. For external quality control, specialists checked QC sheets from all study sites every month and then maintenance was performed if needed. The radial BMDs were measured at two study sites equipped with a peripheral DXA. Both study sites used a DCS-600EXV (Hitachi Ltd., Tokyo, Japan) to perform the measurements. The lumbar and femoral BMD measurements were centrally analyzed by a BMD analysis institution and then assessed independently by two members of a Bone Mass-assessment Committee (HH, TeS). When the two members differed in their assessments, the Bone Mass-assessment Committee considered the case to render an assessment that was considered final. The radial BMD measurements were centrally analyzed by the BMD analysis institution and then assessed through a consultation in the Bone Mass-assessment Committee by the two members of the committee to make an assessment that was considered final.
To assess morphological vertebral fractures, X-ray images of the lumbar/thoracic vertebrae were taken at screening and baseline and at 24, 48, 72, and 104 weeks after. A Fracture-assessment Committee (TeN, HK, MI, TeS) assessed the vertebrae from Th4 through L4 by a semi-quantitative method (SQ) [8] and a quantitative method (QM) [9, 10] . A new vertebral fracture was defined as an increase of one grade or more of a vertebral body that was normal (SQ grade 0) at baseline combined with a 20% or greater reduction in height at either the anterior edge, center, or posterior edge of the vertebral body. A clinical fracture was defined as a fracture associated with clinically apparent symptoms such as pain that could be confirmed by X-ray imaging or magnetic resonance imaging (MRI). Clinical fractures were confirmed by the investigator at each of the study sites. A fragility fracture was defined as a clinical fracture that the investigator judged was not induced by a large external force.
To measure bone turnover markers, blood and urine samples were collected at baseline and before the study drug was administered at Weeks 4, 12, 24, 48, 72, and 104. Samples were stored either in a refrigerator or a freezer, depending on the type of marker to be measured, before measurement by a validated central laboratory (LSI Medience Corporation, Tokyo, Japan). Serum osteocalcin (OC) was measured by immunoradiometric assay (BGP-IRMA; LSI Medience Corporation, Tokyo, Japan); serum procollagen type I amino-terminal propeptide (P1NP) was measured by radioimmunoassay (Fujirebio Inc., Tokyo, Japan); and urinary cross-linked N-telopeptide of type I collagen (NTX) was measured by enzyme-linked immunoassay (Alere Medical Co., Ltd., Tokyo, Japan).
Adverse Events
Safety was assessed collectively on the basis of adverse events, including serious adverse events, and adverse events leading to study discontinuation. The subjects underwent medical examinations and regular blood tests, blood chemistry tests, urinalyses, and vital sign measurements. The investigators reported adverse events, which were coded to the preferred terms in the Medical Dictionary for Regulatory Activities (MedDRA, version 16.0).
Sample Size
To summarize the percentage change from baseline in lumbar (L2-L4) BMD data using descriptive statistics, it was adequate that the 95% confidence interval in this study was of a similar degree to that in the TOWER trial. On the basis of the sample size and the rate of discontinuations in the population used for lumbar BMD analysis in the TOWER trial, a target sample size of 175 subjects was selected to commence treatment in this study. In the TOWER trial [2] , the population in the active drug group analyzed for lumbar BMD included 107 subjects at Week 72. Thus, to ensure a similar degree of 95% confidence interval (12.6-13.4) in this study, approximately 110 subjects were needed at Weeks 72 and 104. Given that, in the TOWER trial, the rate of discontinuations was 20% through Week 24, and 5.5% of the subjects discontinued the study over each 24-week period thereafter, the overall rate of discontinuation in this study was expected to reach 37%. Therefore, it was determined that 175 subjects were needed at the start of treatment to ensure the availability of 110 subjects at week 104.
Statistical Analysis
Efficacy was analyzed using the full analysis set (FAS). The FAS included all subjects who received at least one dose, except those who had any GCP deviation, those confirmed to have no primary osteoporosis, and those for whom no post-treatment efficacy data were available.
Percentage changes from baseline in L2-L4 BMD, the primary endpoint, were summarized over time to determine the 95% confidence interval for the percentage change. The total hip, femoral neck, and radial (distal 1/3, 1/6, and 1/10 sites of the radius) BMDs were also summarized in a similar manner. Cumulative incidences of fractures at each time point were estimated by the Kaplan-Meier method. Percentage changes from baseline in bone turnover markers were summarized over time. A comparison between baseline and each time point or between Week 72 and Week 104 for BMD was performed by the paired t test. A comparison between baseline and each time point for bone turnover markers was performed by the Wilcoxon rank sum test. The relationships between the BMD absolute change category and the incident nonvertebral fracture number were assessed by the Chi square test.
Safety was analyzed using the population that included all subjects who received at least one dose. Incidences of each adverse event were summarized by onset time. Statistical analyses were performed using SAS version 9.1 or 9.4 (SAS Institute, Cary, NC, USA).
RESULTS
Subjects
Of 317 subjects who gave informed consent at 25 study sites throughout Japan, 189 were enrolled in the study (Fig. 1) . All enrolled subjects received at least one dose of teriparatide, but one of the subjects was excluded from the FAS because of a non-osteoporotic disease that causes decreased bone mass that became known after treatment commencement. The 188 subjects in the FAS had a mean age of 73.9 years and T scores of -3.1 for the lumbar spine, -2.5 for the total hip, and -3.1 for the femoral neck. Subjects in the FAS who had one prevalent vertebral fracture accounted for 46.8%, representing the largest subgroup (Table 1) . Meanwhile, as a result of differences in the assessment of prevalent vertebral fractures between the investigator and the special committee, 23.4% of subjects were considered to have no prevalent vertebral fracture (the data which reflected the decision of the special committee was used in the analyses).
BMD
The percentage change from baseline in lumbar (L2-L4) BMD was 8.4% (95% confidence interval [CI], 7.4-9.4) at Week 72 and 9.9% (95% CI Fig. 1 Disposition of patients 8.7-11.1) at Week 104 (Fig. 2) . The lumbar BMD increased significantly from baseline at every evaluation time point, with the increase persisting up to 104 weeks (24 months). After Week 72, the mean percentage change increased significantly by 1.5% from Weeks 72 to 104. The increase from baseline in total hip BMD was 2.7% (95% CI 2.1-3.3) at Week 72 and 2.8% (95% CI 2.1-3.4) at Week 104, and that in femoral neck BMD was 2.5% (95% CI 1.7-3.3) at Week 72 and 3.3% (95% CI 2.5-4.2) at Week 104, showing a significant increase from baseline at every body site and every evaluation time point. After Week 72, the mean percentage change of BMD for femoral neck increased significantly by 0.8% from Weeks 72 to 104. In addition, the percentage change from baseline in radial BMD was 1.4% (95% CI -2.4 to 5.3) at Week 72 and 2.3% (95% CI -1.0 to 5.6) at Week 104 at the distal 1/3 radius; 1.2% (95% CI -2.0 to 4.3) and 2.6% (95% CI -0.1 to 5.3), respectively, at the distal 1/6 radius; and 1.5% (95% CI -1.3 to 4.3) and 2.4% (95% CI 0.4-4.3), respectively, at the distal 1/10 radius, showing a significant increase from baseline at the distal 1/10 radius at Weeks 24 and 104.
Fractures and Bone Turnover Markers
The cumulative incidence of new vertebral fractures estimated by the Kaplan-Meier method was 4.8% at Week 104 (Table 2) . Moreover, the cumulative incidences of clinical fractures, of clinical vertebral fractures, and of clinical fragility fractures at Week 104 were 10.0%, 4.6%, and 6.9%, respectively. The cumulative incidences of nonvertebral fractures and of clinical nonvertebral fragility fractures at Week 104 were 6.1% and 3.6%, respectively, and they did not increase from Week 72 to Week 104.
The serum OC level increased significantly from baseline at Week 4 of treatment, with the increase sustained up to Week 12. It declined through to Week 48, but the increase from baseline remained significant until week 104, showing no great fluctuations (Fig. 3) . The serum P1NP level increased significantly from baseline at Week 4 of treatment and then declined through to Week 48. Thereafter, the level remained below baseline up to Week 104. The urinary NTX level increased significantly from baseline at Week 12 of treatment, but it Not adapted to bone assessment 3 (1.6)
Bone mineral density T score Data are expressed as mean ± SD or numbers (%) P1NP procollagen type I amino-terminal propeptide, NTX crosslinked N-telopeptide of type I collagen, BCE bone collagen equivalents, Cr creatinine showed no substantial changes after treatment commencement.
Treatment Response
The proportion of subjects with a lumbar and femoral neck T score of -2.5 or greater increased over time from Weeks 0 to 104 (Fig. 4) . Overall, 49.3% of the subjects were confirmed to have achieved a lumbar BMD T score of greater than -2.5 at Week 104. The incidence of nonvertebral fractures was 1.6% (1/ 64) in subjects with lumbar BMD T scores of -2.5 or greater; 6.1% (4/66) in subjects with T scores less than -2.5; 2.4% (1/41) in subjects with femoral neck BMD T scores of -2.5 or greater; and 6.5% (6/93) in those with T scores less than -2.5. Although the data showed no significant differences, the incidence of nonvertebral fractures tended to be lower in those with a T score of -2.5 or greater.
Adverse Events
A total of 181 subjects (95.8%) experienced some kind of adverse events (Table 3) . Serious adverse events occurred in 27 subjects (14.3%), but none was fatal. Particularly common adverse events were nasopharyngitis (76 subjects, 40.2%), nausea (69 subjects, 36.5%), vomiting (42 subjects, 22.2%), headache (37 subjects, 19.6%), malaise (33 subjects, 17.5%), contusion (30 subjects, 15.9%), abdominal discomfort (25 subjects, 13.2%), and dizziness (23 subjects, 12.2%), showing little difference from the incidence trend of adverse events in the TOWER trial [2] . The incidence of adverse events by time interval was similar across all intervals, and there were no adverse events that occurred at an increased rate after Week 72 (Table 3) . No specific serious adverse events occurred at a high incidence. Adverse events leading to discontinuation occurred in 33 subjects (17.5%), with such events occurring in 18 subjects (9.5%) within the first 24 weeks, in 8 subjects (4.9%) after Week 24 through Week 48, in 6 subjects (4.0%) after Week 48 through Week 72, and in 2 subjects (1.4%) after Week 72, showing a higher trend in the initial phase of the study.
DISCUSSION
The purpose of this study was to clarify the additional efficacy and safety benefits of 24 months' treatment with the once-weekly formulation of teriparatide, which is currently used for 72 weeks. New results obtained from this study were an increasing trend in BMDs that still persisted after Week 72 and the absence of a trend for a marked increase in the incidence of fractures. With respect to safety, there were no new adverse events that had not been seen previously with the once-weekly formulation of teriparatide, showing that the safety profile seen in the first 72 weeks remained unchanged until Week 104.
Since treatments for osteoporosis are long term, it is important to establish a goal as a way of raising patients' awareness about continuing treatment. Presently, there is a proposed treatment goal that includes BMD as one of its candidate indices [11] . BMD measurements, along with the confirmatory diagnosis of osteoporosis, are useful for monitoring the course of treatment. The risk of fracture is linked to the level of BMD decreases, with T score less than -2.5SD of the young adult mean (YAM) used globally as a threshold for osteoporosis [7, 12] . Reports to date have shown that once the T score for the lumbar spine [13] or femoral neck [14] reaches a level greater than -2.5, the incidence of fractures decreases significantly thereafter.
In the present study, the proportion of subjects with a lumbar spine (L2-L4) and femoral neck T score of -2.5 or greater increased over time from Weeks 0 to 104, with about half of the subjects confirmed to have achieved a lumbar BMD T score of greater than -2.5 at Week 104. Although the data showed no significant differences, the incidence of fractures tended to be lower in those with a T score greater than -2.5. These results indicate that extending the once-weekly treatment with teriparatide to 104 weeks can free a large number of patients from low BMD and, as a result, may also reduce the risk of fractures. Values are indicated as numbers (%) Events that occurred in 5% or more of the subjects are listed AE adverse event, SAE serious adverse event
In addition, this study confirmed that the distal 1/10 radius BMD increased significantly at weeks 24 and 104, and the distal 1/3 and 1/6 radius BMDs showed an increasing trend relative to baseline at week 104. In a 24-month study of the daily formulation of teriparatide, the BMD of the radius shaft, which consists mainly of cortical bone, decreased significantly at the end of the study, and the distal radius BMDs also showed a decreasing trend [1] , thus the effect on radial BMDs between the once-weekly and daily formulations may be different. This difference may be explained by the difference in mechanism of inducing bone formation between the once-weekly formulation and the daily formulation. As shown in the TOWER trial [2] , the increase from baseline in the serum OC level remained over the study period, and the urinary NTX level showed no substantial changes after treatment commencement, suggesting that the once-weekly formulation of teriparatide induces bone formation without promoting bone resorption. A study in mice has shown that bone formation took place predominantly by remodeling with a high frequency of teriparatide administration and by both remodeling and mini-modeling with a low frequency of administration [15] . Bone formation by modeling involves little increase in bone resorption, thus resulting in no increase in cortical porosity, while daily treatment, which increases bone formation predominantly by remodeling, has been reported to increase the porosity of the radius in association with the activation of remodeling [16] . Increased cortical porosity is associated with daily, not weekly, administration of equivalent doses of teriparatide in rabbits [17] . The fact that the daily formulation markedly decreases the BMD of the radius shaft, which consists of more cortical bone than the distal end, suggests that the difference in effect on the porosity of cortical bone may be related to the difference in changes of radial BMD.
Furthermore, as shown in Fig. 2d , in this study, the timing of the start of the BMD increase at the distal end varied depending on the part of radius. While the distal 1/3 radius BMD showed no increasing trend at Week 24, the distal 1/6 and 1/10 radius BMDs showed an increasing trend relative to the baseline level after 24 weeks. Similar to the results from the present study, in the prior study that measured radial BMDs in subjects treated with the once-weekly formulation for 24 weeks, the distal 1/10 radius BMD increased significantly relative to the baseline level at 24 weeks after treatment commencement, but the distal 1/3 radius BMD showed no increase [18] . Differences in bone tissue among different parts of the radius may have an effect on the difference in the timing of this increase. Compared with the distal 1/3 radius, the distal 1/10 radius has more cancellous bone. Since bone turnover is higher in cancellous bone than in cortical bone [19] , the effect of increasing BMD was seen earlier in the distal 1/10 radius.
Given that the once-weekly formulation tends to increase lumbar and femoral BMDs, as well as radial BMD, measurements of the early increases in the distal 1/10 radius BMDs are useful for raising awareness in patients in hospitals that are not equipped to measure lumbar spine and femoral BMDs. Moreover, the delayed increase in BMD in the distal 1/3 radius, which consists of more cortical bone than the distal 1/10 radius, may explain the absence of increases in the incidence of new fractures after Week 72 in nonvertebral bones, which consist mainly of cortical bone (Table 2) . Long-term treatment with the once-weekly formulation of teriparatide may be effective in inhibiting fractures in the radius and other nonvertebral bones, which consist mainly of cortical bone.
The limitations of this study include the fact that it was a single-arm, open-label study and the fact that the primary endpoint was the percentage change of lumbar BMD from baseline. Nonetheless, the previous TOWER study showed that 83% (Freedman's method) of vertebral fractures could be explained by changes in lumbar BMD [20] , thus demonstrating that an increase of lumbar BMD is sufficient to indicate the treatment effect of the once-weekly formulation of teriparatide. Additionally, compared with the TOWER trial, which was conducted as a randomized controlled trial before this study, there were no substantial differences in subject characteristics and in efficacy and safety through Week 72 between this study and TOWER trial, and the study operations, including the assessments of bone mass and fractures, were properly carried out, thus allowing a comparison of results obtained through Week 72, as well as interpretations of effects after Week 72.
CONCLUSIONS
Up to now, there has been no experience in using the once-weekly formulation beyond 72 weeks. In this study, significant increases in lumbar and femoral neck BMDs were noted even after 72 weeks, and there was no trend of a marked increase in the incidence of fractures, indicating that extending the duration of teriparatide treatment from 72 weeks to 24 months can be expected to further maintain the inhibitory effect on fractures. With respect to safety, the safety profile seen in the first 72 weeks remained unchanged until Week 104. Therefore, the results indicate that the once-weekly formulation is useful for the treatment of osteoporosis over 24 months. All named authors meet the International Committee of Medical Journal Editors (ICMJE) criteria for authorship for this manuscript, take responsibility for the integrity of the work as a whole, and have given final approval for the version to be published. All authors contributed equally to this work. Compliance with Ethics Guidelines. This study was conducted in accordance with the ethical principles of the Declaration of Helsinki and Good Clinical Practice (GCP). Moreover, institutional review board (IRB) approval of the protocol was in place before the study at each of the study sites. All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1964, as revised in 2013. Informed consent was obtained from all patients for being included in the study.
Data Availability. The datasets generated during and/or analyzed during the current study are not publicly available because of the sponsor's policy as data sharing is not required in Japan.
Open Access. This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), which permits any noncommercial use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
